A large-scale functional genomics project was initiated to study the function of chromatin-related genes in Zea mays. Transgenic lines containing short gene segments in inverted repeat orientation designed to reduce expression of target genes by RNA interference (RNAi) were isolated, propagated, and analyzed in a variety of assays.
RNAi has been used successfully to silence genes in both monocots and dicots.
Many studies have focused on a small number of gene targets (Chen et al., 2003; Segal et al., 2003; Travella et al., 2006) . In a study that targeted a large number of genes, one of the parameters found to be important for silencing efficiency was transgene copy number (Kerschen et al., 2004) . In Arabidopsis, lines bearing a single copy of an inverted repeat transgene silenced the endogenous target more efficiently than lines with multi-copy insertions (Kerschen et al., 2004) . This parameter, together with several others, required optimization for our large-scale study in maize.
This article describes a functional genomics effort using transgene-induced RNAi to target over 100 genes for silencing. The efficiency of this large-scale project is reported, including descriptions of the efficiency of the transformation pipeline, the frequency of reduction of target gene transcript levels, the range of stability for various transgenic events, and the spectrum of transgene behaviors.
Results:

Production of RNAi lines:
The procedures for construct design and transformation have been described previously (McGinnis et al., 2005) . The relative frequencies for each step of the transformation and plant regeneration pipeline are illustrated in Table I , and a full description of the frequencies for each of the transgenic constructs is provided in Supplementary Online Material (SOM) Table I. In total, over 84,000 embryos were subjected to biolistic transformation by 106 different transgene constructs (including 104 constructs targeting chromatin genes and two control constructs), resulting in nearly 3,000 transgenic events that were identified based on their ability to grow on culture media containing bialophos. The distribution of transformation efficiencies and the number of independent events per construct are indicated in Figure 1 . Only six of the 106 constructs failed to generate transgenic T 0 plants. Regenerated transgenic T 0 plants were crossed to the non-transgenic inbred line, B73, resulting in T 1 seed stocks for 766 independent transgenic events that represent 99 of the 106 transgenic constructs used for transformation. Only about 40% of bialophos-resistant callus events yielded fertile T 0 plants. The loss of events from callus through plantlet regeneration was due in part to the high-throughput nature of the project, as slow-growing events or plants on contaminated plates were eliminated; additionally, the implementation of a Southern blot prescreening step removed events that did not have intact transgenes. Transgenic events for two nonchromatin gene constructs, an empty vector control and a construct targeting the b1 gene, showed similar rates of loss during regeneration; this argues that loss of events was not solely due to some selectively detrimental influence of reduced chromatin gene expression on plant growth or development.
Each transgenic line was assigned a unique numeric designation, composed of the construct number and the transgenic event from which the line was derived. For example, line 3832.001 is the first transgenic event derived from callus transformed with construct pMCG3832; this transgenic line is distinct from 3832.004, which represents a line derived from the fourth transformation event of the same construct. Multiple transgenic lines were carried forward for each construct, with the assumption that each unique transgenic event represents a transgene insertion in a distinct genomic location.
By isolating multiple transgenic lines, we hoped to minimize positional effects and event quality differences when interpreting phenotypes of the transgenic plants. In addition, producing multiple lines for each construct provided the potential to recover an "allelic series" with different levels of "knock-down" in target gene expression (Chuang and Meyerowitz, 2000) .
Proof-of-concept--Silencing of an endogenous gene with transgene-induced RNAi:
The pMCG2973 construct was designed to target the b1 gene for silencing to provide a visual assay to examine the effectiveness of the RNAi strategy and stability of the lines generated. The b1 gene codes for a transcriptional activator of the anthocyanin biosynthetic pathway (Chandler et al., 1989) , and its expression results in purple pigment production. Several different alleles have been described for this gene (Styles et al., 1973; Coe, 1979; Selinger and Chandler, 1999) . These alleles share sequence identity in their protein coding regions, but differ substantially in their promoter sequences (Radicella et al., 1992; Selinger et al., 1998; Selinger and Chandler, 2001 ). The promoter differences account for the characteristic tissue-specific expression patterns of the alleles.
For example, the B-Intense (B-I) allele leads to intense pigmentation in vegetative plant structures, such as leaf sheaths, whereas the B-Peru allele leads to strong pigmentation in the kernel aleurone. In designing an RNAi construct to silence b1, the inverted repeat (IR) sequence was selected from the protein coding region, such that both the B-I and the B-Peru alleles could be silenced by this transgene (Radicella et al., 1992; Selinger et al., 1998; Selinger and Chandler, 2001) . Figure 2 shows the locations of the probes used in the experiments described below, the relationship of the mRNA sequence utilized in the IR construct relative to the B1 protein ( Figure 2A ) and the structure of the inverted repeat transgenic construct introduced into plants ( Figure 2B ). The bar gene is the selectable marker, which allows the presence of the transgene to be tracked by testing for bialophos resistance. Herein, the term "resistant" is used to describe plants that are resistant to bialophos and/or glufosinate, and the term "susceptible" is used to describe plants that are not herbicide resistant. The transgenic, green individuals were outcrossed, and silencing continued to cosegregate with herbicide resistance in all subsequent generations (to T 5 ).
To explore the molecular nature of the silencing, tissue was harvested from the sheaths of purple, susceptible progeny and green, resistant progeny for analysis of small RNAs characteristic of RNA silencing. Small RNAs ~21 bp in length with homology to b1 could be detected in the green, resistant plants, but not in the purple, susceptible plants ( Figure 3A ). Nuclear run-on transcription assays on nuclei prepared from sheath tissue were used to determine if the silencing induced by the IR transgene was transcriptional or post-transcriptional. The results indicated that in purple, susceptible (non-transgenic) plants, both b1 and a1 (a gene involved in anthocyanin biosynthesis and responsive to transcriptional activation by b1) are transcribed. However, in the green, resistant (transgenic) plants, the b1 gene was transcribed, but a1 was not ( Figure 3B ). This observation suggests a post-transcriptional silencing event, whereby b1 mRNA is produced, but the mRNA is degraded by transgene-induced RNA silencing before a protein can be translated.
To determine if the silenced phenotype was heritable in the absence of the transgene, the transgenic B-Peru or B-I plants were crossed to non-transgenic plants. The progeny without the transgene displayed the expected wild type phenotype, indicating that silencing by the IR transgene was not heritable in the absence of the transgene (data not shown). The "proof-of-concept" experiments using the B-Peru RNAi construct indicated that this type of construct and system can produce loss-of-function alleles for the targeted genes. Additionally, this series of experiments provided evidence that the effectiveness and stability of transgenes can vary. Table II ). The bias towards female transmission is similar to that observed for Mutator activity in maize (Walbot 1986; Bennetzen 1987) . This bias against male transmission could be the result of reduced transmission of transgenic pollen or preferential transgene silencing in the male germline. As the male germline differentiates later than the female germline during maize development it is possible that progressive transgene silencing during later stages of development contributes to the bias against male transmission. By performing the resistance screening of parental lines at multiple stages of development (including a screening at maturity) we could decrease the frequency of transgenic lines that showed reduced frequencies of resistant plants in the progeny (SOM Table II ).
Assessment of transgene segregation and complexity:
Analysis of the susceptible plants in families with reduced frequencies of resistant plants for the presence of the transgene allowed for a determination of whether the transgene was present but silent or whether the transgene was lacking in the susceptible plants (SOM Table III ). Of the 78 events that were tested, the reduced frequency of resistant plants was attributable to transgene silencing for 34 events and to reduced transmission for 44 events.
Assessment of transgene stability in self and outcross progeny:
Based on the assumption that hemizygosity would reduce any potential trans interactions between the transgenes on homologous chromosomes that could lead to transgene silencing, our standard practice has been to maintain the transgenes in a hemizygous condition. To determine if this assumption was warranted, six individual plants, each representative of transgenic events that had demonstrated stable segregation of resistant and susceptible plants in previous generations, were outcrossed and self-pollinated. As expected, for the progeny of outcrossing, the frequency of resistant offspring was not significantly different from the expected 50% (SOM Table IV ). However, for two of the six events, the percentage of resistant offspring from self-pollination was significantly lower than the expected 75% (p<0.05 in X 2 test), and for three additional events, the percentage was below 75%, but not significant at p=0.05 (SOM Table IV ). These results suggest that outcrossing increases transgene stability. A single transgene can target multiple endogenous genes: Many of the chromatin genes analyzed in this project belong to families of genes that share sequence similarity.
Because RNAi is a homology-mediated process, an IR sequence designed to target one gene might also silence a homolog. For eleven events that resulted in reduction of the RNA levels for their primary targets, semi-quantitative RT-PCR was used to assay the effect of the transgene on expression level of potential secondary targets. The overall identity between the inverted repeat sequence and the secondary target genes included in these experiments ranged from 85-93% (Table II) , and the number of perfect 21 bp matches ranged from one to eleven. Seven of ten constructs evaluated for their ability to reduce transcript abundance for multiple genes were able to reduce steady state RNA levels for the secondary targets.
For the remaining three constructs, steady state RNA abundance was not reduced for the secondary target, even though these targets shared 90-91% identity with their respective IR sequences and had at least three 21 bp regions of perfect identity with the IR. This observation suggests that sequence identity is not the sole determinant of whether an IR sequence can induce degradation of target gene mRNA.
Analysis of IR sequence context and silencing frequency: Transcription of an inverted
repeat sequence is thought to result in a dsRNA that is recognized and processed by dicer-like proteins. Therefore, a given IR sequence will be processed to generate a This analysis included seven IR sequences predicted to target two endogenous genes. Five of these IR constructs led to reduced expression of both target genes, while two constructs only reduced expression of the primary gene. The latter two constructs produced 9 and 18 predicted siRNAs that would share 100% identity with their respective secondary target genes. The five constructs that did effectively reduce secondary target mRNA were predicted to produce a range of 11 to 81 siRNAs with 100% identity to the secondary targets. For each of these seven constructs, the subset of siRNAs that were predicted to target both primary and secondary target genes was compared to the entire population of siRNAs produced by this IR. No single siRNA characteristic or set of characteristics was predictive of an IR constructs ability to silence a secondary target gene (data not shown). The two unsilenced secondary targets included in this analysis were expressed in the same tissues as the primary target that was successfully silenced (data not shown). As such, tissue specific expression of the secondary target gene also did not correlate with secondary target silencing.
Discussion:
Transgene-induced RNAi was used to trigger specific silencing of chromatin genes in maize. In some cases, this technique was highly effective, resulting in a properly transmitted transgene that led to thorough reduction of target gene mRNA. In other cases, effectiveness was compromised by reduced transmission, transgene silencing, or failure of the IR construct to silence its gene targets. These inconsistencies in transgene transmission and silencing ability might result from the innate variability of RNAi as a biological system, from stochastic silencing or spontaneous rearrangement of the bombarded transgenes, or from inadvertently biased selection during tissue culture.
In maize, the use of RNAi involves transformation and tissue culture. As with any deleterious or lethal mutation, RNAi constructs hinder plant growth or development are likely to be selected against during callus growth and plant regeneration. This can result in failure to recover transgenic events for a particular construct or recovery of only non-functional transgenic events. The use of biolistic transformation, which frequently results in complex transgene loci, might also explain some of the transgene behaviors we Varying frequencies for silencing of an endogenous target have been reported in many different RNAi studies (Chuang and Meyerowitz, 2000; Fuhrmann et al., 2001; Cutter et al., 2003; Kamath et al., 2003; Waterhouse and Helliwell, 2003; Kerschen et al., 2004; Wang et al., 2005) . One important note is that in many of these published studies the silencing efficiency was evaluated based on the severity of an anticipated phenotype.
However, for a functional genomics project such as ours, in which the gene function is unknown, it is difficult to anticipate an appropriate phenotype or set of phenotypes with which to identify the most robust lines. In the absence of such criteria, we chose to assess the success of the RNAi silencing lines based on reduced mRNA levels for the target genes. Using a semi-quantitative RT-PCR assay to determine the steady state level for a particular region of a transcript could be applied in a high-throughput manner and allowed for identification of lines that induced mRNA degradation. Using this method, we found ~35% of our lines were effective at silencing their intended targets. This success rate for the production of lines with reduction of the steady-state level of the target gene is lower than that in several previous reports (Chuang and Meyerowitz, 2000; Fuhrmann et al., 2001; Kerschen et al., 2004) . There are several potential explanations for the apparent discrepancy in silencing efficiency between our project and previous reports. It is possible that the previous reports are biased towards higher frequencies due to the use of genes with observable phenotypes or analysis in early transgenic generations. In addition, negative results are less frequently published and there may be numerous examples of genes that were targeted by RNAi but were recalcitrant to this approach. Alternatively, it is possible that our success rate is abnormally low. Perhaps the lower efficiencies we observed were a factor of the large number of genes that we attempted to silence, and that any project that involved this many genes would observe similar efficiency rates. Another factor might be the nature and function of the genes we targeted. Of all the previous reports of transgene-induced RNAi in plants, our efficiencies are most similar to those reported by researchers investigating a subset of
Arabidopsis genes similar in number and predicted function (Kerschen et al., 2004) .
Genes related to chromatin structure and modification may be more difficult to silence using RNAi than other classes of genes.
In our analysis of b1 silencing by an inverted repeat transgene, two transgenic events showed silencing in initial generations, but silencing did not persist. This was true for other lines as well (data not shown). Because our RT-PCR evaluations of silencing were performed at the T 2 generation, it is possible that some of the events that did not show silencing at the T 2 may have shown silencing in earlier generations. Evaluating silencing at a later generation may increase the likelihood of identifying the most stable transgenic events in which silencing will persist for multiple generations.
Other groups have noted that there is apparent variation in the susceptibility of different genes to silencing by RNAi (Cutter et al., 2003; Kerschen et al., 2004) . In order to induce successful RNAi using an inverted repeat transgene, at least three distinct steps must occur: production of the dsRNA from the transgenic locus, processing of the dsRNA to form siRNAs and degradation of the target RNA guided by the siRNAs. Our experiments tested for the outcome of the final step, a reduction in the steady-state transcript level for the target gene. Therefore, we were unable to determine whether the transgenic events that failed to reduce the target gene were the result of a failure to produce dsRNA, siRNA or degrade the target gene. Additional work will be required to understand at what stage silencing failed in the unsuccessful lines. It is possible that the IR portion of the transgene was silenced in spite of bar gene activity, resulting in a loss of siRNAs. Another possibility is that the IR remained active and the siRNAs were generated, but for some reason post-transcriptional transcript degradation did not occur.
A combination of these, and likely other unidentified factors contribute to the inconsistent or lack of silencing by some constructs.
Although RNAi is a widely used technology, relatively little is known about the optimal application of this technique in plants. There are many potential factors that can contribute to a given sequence's ability to cause RNAi induced silencing of an endogenous target. The "21-bp rule" is commonly used to predict whether a given IR will target a given gene, meaning that 21 base pairs of 100% identity should be enough to trigger silencing. Our data suggest that this is an oversimplification and that other factors play a role. Additional analysis will be required to determine what characteristics can be used to model and predict the silencing effectiveness of a given inverted repeat sequence in plants.
Overall, this study led to the production of a large number of stable lines that transmitted and expressed the transgene faithfully from generation to generation and that successfully induced target gene silencing. This suggests that it is possible to use an RNAi approach to generate positive results in spite of a significant degree of inherent variability. This variability should be accounted for as much as possible when analyzing RNAi-induced phenotypes and when proposing future large scale RNAi projects in crop plants.
Materials and methods:
Genetic stocks: Embryos were isolated from HiII A x B F 1 hybrids as previously described (Armstrong et al., 1991; McGinnis et al., 2005) . Transformation protocols: Transformation protocols have been described previously in more detail (McGinnis et al., 2005) . Briefly, microprojectile biolistic delivery of DNA was used to transform immature embryos. Bombardments were carried out with a low concentration of plasmid DNA (0.4 µg plasmid DNA/1 mg microcarriers) so as to achieve lower copy number transgene insertions.
siRNA Northern blots: Tissue was harvested and RNA extracted from the sheaths of individual plants for analysis of small RNAs, with an additional step to enrich for small RNA molecules by PEG precipitation (McGinnis et al., 2006) . Polyacrylamide gel electrophoresis was used to size fractionate RNAs prior to transfer to membrane.
Blotting and hybridization of Northern blots were performed as described by Rudenko et al. (Rudenko et al., 2003) . The b1 probe utilized for this work was amplified by PCR and corresponds to the positions 422-1081 in Genbank accession X57276.
Nuclear run-on analysis: Nuclear run on analysis was performed on nuclei isolated from sheaths of individual plants, as described previously (Dorweiler et al., 2000) . Briefly, nuclei from 10 to 15 g of sheath or husk tissue from plants at anthesis were prepared using a modified chromatin isolation protocol. Denatured PCR product was slot blotted onto nitrocellulose filter membranes, the sequences of the probes used herein have been described previously (McGinnis et al., 2006 RT-PCR assays: Analysis of target gene mRNA abundance was performed using RT-PCR techniques described previously (McGinnis et al., 2005) . . We found the published method for calculating melting temperature to be ambiguous; thus we used an alternate formulation. Rather than a cutoff of 20ºC--the temperature at which 30% of the siRNAs generated by all constructs melted [as determined using the nearest-neighbor method (SantaLucia, 1998)]--56.3ºC, was used. The results of each test, as well as a summary of the input sequence's performance, was output in CSV format.
After running Dice-o-matic for each of the constructs, a suite of custom Perl scripts was prepared for an initial evaluation of the output. Additionally, R was used to perform multiple regression analysis of the results to determine if there was a correlation between silencing success and the eight variables described above (R Development Core Team, 2005) . First, the ability of each construct to induce silencing was quantified on the basis of the number of events that induced silencing of the endogenous target gene based on RT-PCR data. For each construct, the mean silencing value was then used for multiple regression analysis in combination with the aggregate data for each of the eight properties of all predicted siRNAs for that construct. In the cases of GC content and 3768  4707  5171  5641  5752  6114  3751  3882  5231  4281  4963  3846  3385  6123  4291  4322  6071  3826  5812  2822  3544  3832  3322  3480  3772  3571  4301  4731  5314  2685  4162  5825  5297  3818  4187  4716  5065  3331  3348  3534  5104  4361  5832  4268  5013  3361  3955 
